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ABSTRACT The four-switch three-phase (FSTP) inverters are known for their cost-effective advantages and
minimal switching losses. However, such inverter topology’s progress is lagging due to control constraints
and requirements, including voltage vector limitations and parameter perturbations. To overcome the issue,
this paper proposes a triple-voltage-vector model-free predictive current control (TVV-MFPCC) for FSTP
inverter-fed surface permanent magnet synchronous motor (SPMSM) drives. The proposed TVV-MFPCC
uses the principle of discrete-space-vector modulation (DSVM) to increase the voltage vector selections.
Three primary voltage vectors, either the same or distinct, are linearly combined to yield the synthesized
voltage vectors. A redundant voltage vector reduction scheme is also introduced to lessen calculations by
optimally reducing the candidate voltage vectors to sixteen equivalent hybrid switching modes. To improve
prediction accuracy, the TVV-MFPCC performs three different current readings and three current difference
calculations in each sampling period. Experiments using a TMS320F28379D microcontroller are conducted
to compare the performance of the proposed TVV-MFPCC against conventional MFPCC (C-MFPCC) and

validate the scheme.

INDEX TERMS Discrete-space-vector modulation, four-switch three-phase inverter, model predictive
current control, model-free predictive control, triple-voltage-vector.

I. INTRODUCTION
Surface-mounted permanent magnet synchronous motor
(SPMSM) drives have been primarily significant in numer-
ous high-performance applications for their superior fea-
tures and advantages [1]-[3]. Compared to other machines,
SPMSM offers better efficiency, higher power factor, and
higher power density, making it energy-effective equip-
ment [4]-[6]. Some well-known methods have been used in
the past to attain these valuable features, such as the classi-
cal proportional-integral (PI) control, field-oriented control
(FOC), and model predictive control (MPC) [7], [8].

MPC has received extensive attention in motor drives due
to its inherent flexibility and fast response [9], [10]. It can be
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divided into two main applications — model predictive torque
control (MPTC) [11] and model predictive current control
(MPCC), which is the focus of this article.

MPCC is considerably popular due to no tedious weight-
ing factor requirements. The implementation makes it even
more straightforward with the direct measurements of the
controlled variable via sensors. However, to yield a robust
control system, the input signal’s calibration and reduction of
parametric mismatches should be dealt with. For instance, it is
revealed in [12] that the unstable dc bus voltage of three-phase
converters has led to voltage gain. In [13], [14], optimized
current predictions are presented to calculate multiple cur-
rent measurements. Jeong and Song [15] proposed an online
parameter approximation to calculate the instantaneous cur-
rent and voltage using the least-square method. Although
these strategies have shown significant improvements over
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the conventional MPCC, their implementations are still
affected by machine models. Technically, machine parame-
ters are constants, but they change over time with varying
operating temperatures, measurement equipment, aging, and
other factors. As such, current deviations and static errors
between the calculated current and actual values become
inevitable [16], [17].

An attractive solution to resolve this issue is the integration
of perturbation observers into the predictive plant model.
Liu and Zhao [18] conducted a study based on adaptive robust
predictive current control to estimate the mismatch of wind-
ing inductance and stator resistance, performing parameter
deviation analysis. However, with discrete Luenberger dis-
turbance observer, the computational requirements increase
with additional control induced into the prediction process.
A quadratic Lyapunov disturbance observer is also designed
to achieve asymptotic stability of error estimation for PMSM
current control [19]. Wang et al. [20] proposed a perturbation
observer with feedback compensation to calculate induc-
tance and dc bus voltage deviations. However, the parameter
estimation algorithm is too complicated and requires heavy
calculations.

Some works on synchronous motor drives with predictive
controllers have been proposed [21], [22]. A current ripple
reduction strategy is presented by Su er al. [23] using a
finite-state MPCC based on the current locus to detect rotor
position, but the detection accuracy is affected by the number
of Hall sensors installed therein. In reference [24], a variable
weighting factor-dependent scheme is proposed to measure
the voltage vector position and magnitude. However, as with
the previously discussed solutions, the methods are highly
dependent on parameter estimation accuracy. As an alterna-
tive, Lin et al. [25], [26] introduced a simple yet effective
nonparametric method of model-free predictive current con-
trol (MFPCC). MFPCC presents a unique variant of MPCC,
which eliminates the observer and system model. Instead, the
current difference is measured and utilized to predict the
current from the lookup table (LUT) of the stored data.
The technique effectively mitigates the effects of parameter
mismatches and disturbances in the prediction process.

In the widely used conventional MPCC [27], [28], the num-
ber of switching states generated from the inverter is limited,
resulting in a single voltage vector application. In [29], [30],
the discrete space vector modulation (DSVM) is integrated
into the MPC as a practical solution to vector constraints.
The DSVM takes advantage by increasing the candidate
voltage vectors with the synthesis of virtual voltage vec-
tors. Although significant improvements are observed in the
prediction accuracy and ripple reduction [31], the imple-
mentation of DSVM on model-free predictive controllers
to this day, unfortunately, is still unavailable in the litera-
ture. Motivated by this situation, the present work focuses
on solving the common concern of the four-switch three-
phase (FSTP) inverter for motor drive applications, where
signal generation is only limited to four switching states.
The paper presents a triple-voltage-vector MFPCC based on
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discrete-space-vector modulation applied to a four-switch
three-phase (FSTP) inverter-fed surface-mounted permanent-
magnet synchronous motor (SPMSM). The DSVM increases
the candidate voltage vectors using simple linear combina-
tions of three primary voltage vectors at an equal and prede-
fined active duty cycle. The combinations of three primary
voltage vectors form a new switching state known as the
hybrid switching modes. In a nutshell, the following are the
contributions of this article:

1) Present a solution for FSTP inverter voltage vector
limitations via DSVM. Three primary voltage vectors
are linearly combined to increase synthesized voltage
vectors.

2) A redundant voltage vector reduction scheme is intro-
duced to optimally reduce the number of candidate
voltage to 16 hybrid switching modes.

3) A MFPCC based parameter independent controller
is adopted to minimize the effect of parameter
perturbations.

4) The proposed TVV-MFPCC performs three different
current readings and three current difference calcula-
tions in each sampling period to effectively improve the
accuracy of current prediction.

5) Experimental validations are performed in various
operating conditions to assess the stator current
response by three performance measures in terms
of current ripples, current errors, and harmonic
distortions.

The rest of the article is organized as follows:
Section 2 introduces the fundamentals of a four-switch three-
phase (FSTP) inverter topology. Section 3 illustrates the mod-
eling of the surface-mounted permanent-magnet synchronous
motor (SPMSM). The theoretical framework of the model
predictive controllers is presented in Section 4. The details of
the proposed TVV-MFPCC algorithm are given in Section 5.
Section 6 presents a comparative analysis and study of the
experimental results. The conclusion is made in Section 7.

Il. THE FOUR-SWITCH THREE-PHASE VOLTAGE SOURCE
INVERTER TOPOLOGY
Both six-switch three-phase (SSTP) and four-switch three-
phase (FSTP) voltage source inverters (VSI) can be applied to
three-phase loads to achieve DC-AC conversion. For exam-
ple, the FSTP VSI is first proposed [32] to minimize com-
ponents and reduce switching losses in variable speed drive
applications.

A typical circuit diagram of an FSTP inverter-fed SPMSM
is shown in Fig. 1, where two identical capacitors, Cy and C,
are respectively installed at the upper and lower arm of the
“c” phase to save two power switches. The voltages across
the two capacitors are represented by v.1 and v, and the dc-
link voltage is denoted as vpc. The power switches are made
of insulated gate bipolar transistors (IGBT) with anti-parallel
diodes. The four switching states in Fig. 1 are listed in Table 1.
The variables S, and S, represent the switching states cor-
responding to the a-phase and the b-phase, respectively.
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FIGURE 1. A schematic of FSTP Inverter-fed SPMSM.

TABLE 1. Four primary voltage vectors of an ideal FSTP inverter.

Voo Sgemre sy ovow
" S o) - V%C - V%c v%
£ S, (10) VDTF ; VDTC 0
Vs S, 11 % % . %
Vi Sy oy - % % 0

For example, if the variable S, is 0, the power switch S, is
off, and the power switch S, is on. Conversely, if the variable
S, is 1, then the power switch S, is off, and the power
switch S, is on. The same conversion applies to Sp. It should
be noted that the power switches S,9 and S,; or the power
switches Spp and Sp; cannot be turned on simultaneously,
as the FSTP inverter may be damaged.

Given all possible combinations of S, and Sp, the
phase-wise stator voltage equation can be expressed as

2 1 1 2 1
Va=\|=Sa — =Sp | ver + _§+_S — =Sp ) ve2

3 3 373
1 2 1 1 2
Vp= —gSa + §Sb Vel + _5 - §Sa + §Sb ver (1)
1 1 2 1 1
Ve= —gSa — §S}, Vel + §—§Sa - §Sh Ve2-

Ideally, ve.1 = veo = 0.5vpc, and the dc-link voltage is
vpc = Vel +Ve2. In this case, the four primary voltage vectors
generated from the FSTP inverter can be defined as a function
of vpc. Listed in Table 1, these voltage vectors are labeled as
V1, Va, V3, and V4corresponding to switching states of Sy, S2,
S3, and Sy, respectively.

lIl. MODELING OF THE SPMSM

A balanced and symmetrical three-phase wye-connected
surface-mounted PMSM (SPMSM) is used as a load motor
in this study. Under ideal conditions, the mathematical model
is described in the stationary reference frames (abc and o) to
avert arduous rotary coordinate transformations. The equiv-
alent stator voltage equation expressed in continuous-time is
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written as
Va rs 00 iq A
wl=]10r0 ip | + T Ab 2)
Ve 00 r ic ! Ae

where r; is the stator resistance, iy, ip, and i. are the
phase-wise stator currents. A,, Ap, and A, are the phase-
wise magnetic flux linkages yield from the self-linked flux
between stator and rotor interactions. The magnetic flux is
further defined as follows:

Aa Laa Lap Lac Ig s (96)27_[
Ab | = | Loa Lob Loc | | @b | 4+ Am | €O8 (98 - T)
Ac Lea Lep Lee i

cos (96 + 27")
(€)]

where L,,, Lpp, and L. are the self-inductances, Lyp, Lgc,
Lpy, Lpe, Leq, and L, are the mutual inductances, A, is the
maximum rotor magnetic flux, and 6, is the electrical rotor
position. Due to symmetry, the following conditions hold

Log = Lpp = Lee = Ly + Ly
Lab = Lac = Lba = Lbc = .....

2 1
..... = Lcq = Lep = Lgcos (%) =—=L “4)
3
L=1L;s+ ELS

where L; and Lj are the armature and leakage inductances,
respectively. Combining all the above expressions, equa-
tion (2) can be expanded into a three-phase voltage equation
of the SPMSM as

dig
Va rg 00 iq d.t

v |=1]10r 0 ip |+L | —
Ve 00 ic di.

sin (6,)

i (o, — 2
Sln( e ?) (5)

sin | 6, + 2m
1n —_—
c 3

where w, is the motor speed. It is noted that the third term
of (5) is a sine wave component derived from the product
of maximum magnetic flux and motor speed. Such expres-
sion is empirically referred to as the back-EMF. We may let
E,, = —Amw,. As a result, the phase-wise back-EMF can be
deduced as

—Am®e

eq = Ey; sin (6,)

. 2
ep = E,sin| 6, — ER (6)

. 2
eq =Ey,sin| 0, + R
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FIGURE 2. A block diagram of MPCC.

The quantities are redefined to its equivalent stationary
two-axis machine model of a8 via Clarke Transformation to
simplify the projections. The stator voltage can be written as

. dig
Vo = Fsig + L— 4+ ¢4
dt
di (N
vg = rsig + L=t + eg
B = Tsip dr

1IV. MODEL PREDICTIVE CURRENT CONTROL
Given below is a brief introduction to the MPCC.

A. THE MPCC

A block diagram of the MPCC is given in Fig. 2. In this
method, the controller uses the stator currents as the con-
trolled variable. Based on equation (7), the first-order Euler
discretization is employed to yield the instantaneous stator
current of the SPMSM at time k 4 1. The current prediction
can be written as

T,
ix(k+1)=(1—rs s

] ) i () + % (0 () — ex (0)) (8)

where x € {«, B} and 7 is the sampling period.
Following time delay compensation, the current prediction
calculated at (k + 2)th period is expressed as

Pk+2) = (1— ’SLTS)Z; k + 1)

+% xk+1) —ec(k+1) (9

Under normal circumstances, the sampling frequency is
much faster than the rate of stator current change. As a result,
the extended back-EMF between two neighboring intervals
is assumed to be negligible, that is, ex(k) =~ ex(k + 1).
Finally, for optimality purpose, a cost function, denoted as
G, is defined as follows:

2 . 2
G=|w -~ &+ +| -Ha+2[ o

B. THE CONVENTIONAL MFPCC (C-MFPCC)

The essence of MFPCC is to eliminate the effect of parame-
ter perturbations on the control performance. It is based on
the current difference detection technique that uses linear
approximations to measure stator currents. Thanks to modern
high-speed signal processors, a good approximation of the
current difference can be obtained.
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FIGURE 3. A schematic diagram of current predictions in C-MFPCC.

A schematic of the C-MFPCC is illustrated in Fig. 3. The
notation i,(k)| Sx— refers to the current measured at (k)th
period under switching state Sy_1, and ix(k + 1)| S is the
stator current at (k + 1)tk period. The current differences are
denoted as Aiy| Sk and Aiy|Sk+1, which are calculated for
adjacent switching intervals. At (k 4 2)th instant, the current
predictions are calculated corresponding to different switch-
ing states. In FSTP inverters, four possible current predictions
are made. The switching state with the least current error is
qualified as the optimal one, which will be applied in the next
period.

The current differences illustrated in Fig. 3 can be obtained
as follows:

Aig| Sk = i (k + D[Sk — ia (k)| Sk—1 (11
Aig| Sk = ig (k + )| Sk — i (k)| Sk—1
and
Alg| Sk1 = ta (kK +2)| Skq1 — ia (K + 1] Sk (12)
Aiﬂ|Sk+1 =ig(k+ 2)‘ Sk+1 — ig (k + 1)| Sk.

Given (11)-(12), the measured stator current at (k + 1)th
instant can be written as

lo (k + DI Sk = ia (k)] Sg—1 + Aig| Sk (13)
ig (k + 1)| Sk = ig (k)| Se—1 + Aig]| S
The current predictions can be expressed as
iy (k +2) = o (k)] Sk—1 + Adoe| Sk + Adr] Si1 (14)
ity (k +2) = ig (k)| Sk—1 + Aig| Sk + Aig] Sk

V. THE TRIPLE-VOLTAGE-VECTOR MODEL-FREE
PREDICTIVE CURRENT CONTROL (TVV-MFPCC)

A common constraint of the FSTP inverter is the number
of candidate voltage vectors. A linear combination of three
voltage vectors based on discrete space vector modulation
(DSVM) is proposed to address the issue.

A. DISCRETE-SPACE-VECTOR MODULATION OF FSTP
INVERTER

The DSVM offers an ideal technique to increase the output
voltage vectors to any inverter topology [33]. The principle
integrates the synthesis of existing primary voltage vectors
to form virtual voltage vectors. In the proposed method,
three primary voltage vectors are linearly combined to create
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FIGURE 4. The distribution of discrete space vectors of FSTP inverter.

16 synthesized voltage vectors consisting of four primary
voltage vectors and twelve virtual voltage vectors. The active
time of each switching mode is 7 /3, where T is the sampling
period.

As illustrated in Fig. 4, the virtual voltage vectors are
distributed in the primary vectors’ outer layer, forming a con-
centric trapezoidal. The primary voltage vectors are marked
as Vi, Vo, V3, and V4. The synthesized voltage vectors
are derived from the combinations of primary vectors. For
instance, v1g and v{3 can be synthesized from the combination
of (V3V3V5) and (V3V3V,). The DSVM can yield 64 possible
combinations, as shown in Table 2. All these combinations
require rolling optimizations but would require considerable
computations. However, it can be noticed that some combi-
nations are similar, referring to the same synthesized volt-
age vectors. A redundant voltage vector reduction scheme is
employed herein; for instance, v can be derived from nine
possible redundant voltage vector combinations and can be
regarded as a single synthesized voltage vector. Applied to
the entire DSVM, the candidate synthesized voltage vectors
can be significantly reduced to 16 hybrid switching modes
only, as described in Table 2.

B. TRIPLE MEASUREMENTS OF STATOR CURRENT AND
CURRENT DIFFERENCE

The stator current measurements and the current difference
calculations are performed at three separate time instants
to improve the prediction accuracy within a given sampling
period. The multiple calculation scheme can yield the opti-
mal prediction by taking the average of the three measure-
ments. Each applied synthesized voltage vector’s active time
is predefined with equal duration to reduce the computational
burden.

Shown in Fig. 5 is a schematic of the proposed
TVV-MFPCC depicting the three different measurements.
In the succeeding sections, the subscript “x”* refers to o or
B. At the (k)th instant, the three applied switching modes are
denoted as S,ﬁl’ I S,fﬁz, and S,i’j, referring to any of the available
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TABLE 2. Hybrid switching table derived from DSVM.

Sygthesized H'ybri'd Redundant Combinations of Primary
oltage Switching Voltage Vectors
Vectors Modes

} 5 VRV V).V,
(AAARAAANAAAAN)]

. s AAARANANCAAAN A AANAAAN
), (1), V1), (V1)

. . AN AN A AR AAANANN
(UNAANUAABRANANAAN]

y 5! (AASRALHNAADNAADRAALI
VaV3h), V1), (Vb)) (V1Y)

v, s’ 48

Ve Sy ). (W), (Rhn)

vy st (AAANANAXAAS)

Ve st AAA

Vg Y V), (i), (K1 7,)

Vo st AAANAAANAAS!

Vi Slh1 Va1

- st (AN AASNAAD

Vi s/, AN AAANAND

Vig St VY

Vis Sk (AN AAANAAL

Vg St (AAANAADNALD!

0\-'0/‘56?;’(1{ +2)

L1) :
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liia

Lk +2)th

1

T
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Sea 1 St
5 Y k+2

PoPk+L2 | Pk+13
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(k+1)th
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|
|
]
T
E Switching modes, SZ,'

Sy SAh.z Skh,,z S:H,l

FIGURE 5. A schematic diagram of the proposed TVV-MFPCC.

switching modes. The three stator currents are described as
ix(k, 1), ix(k, 2), and ix(k, 3), and their corresponding calcu-
lated current differences are depicted as A iy | S ,’g A ilS ,’(1,2,
and A iy| S ,?’3. Corresponding to an applied switching mode,
a stator current measurement is performed alongside the
current difference calculation. There will be three sets of
iterative stator current measurements and current differ-
ences stored in the LUT after three switching modes are
applied within a given sampling period. The expressions are
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FIGURE 6. Current response under the switching of inverter using the
proposed TVV-MFPCC obtained from an oscilloscope.

given as follows:

Aix Sy = i (k. 2) = i (k, 1)
Aix| P = i (k, 3) — ix (K, 2) (15)
Aig| Sp =i (k 4+ 1, 1) — iy (k, 3)

In Fig. 6, it can be noticed that the currents are mea-
sured with a short delay after the switching is activated. This
strategy is adopted to prevent reading from current spikes.

C. CURRENT PREDICTION AND COST FUNCTION
MINIMIZATION

Given the three calculated current differences in each sam-
pling period, the aggregated current differences are not
applied immediately. Instead, averaging is employed to get
the mean. That is, Aixl,{f and AiXIIZf|r1 can be calculated as

N A S . .
Al =3 (Al SE + ALl St + Akl SE5)

A" BEYON ISP+ Aiy| S o+ A | SP
k173 x| 9k41,1 x19k41,2 x19k+1,3
(16)

According to Fig. 5, the two current differences Ai, |? and
Aly |,{fH are calculated in the (k 4+ 1)th and (k 4 2)th instant,
respectively. This means that their values are estimated to
predict the stator current #; (k 4 2). Since the sampling period
Ty is fixed and substantially short, the variation between
the adjacent current differences can be considered negligi-
ble. As a result, the calculated current difference is used
to approximate the future values. The following expressions

hold

T,
S~ pre|ts
{ A1x|k AP ‘. an
~ -pre | 1s
A1x|k+1 ~ AR

where superscript “pre”” refers to their previous (old) values.
As a result, the current prediction equation of the proposed
TVV-MFPCC can be rewritten as

G+ = o 0+ AL, + AL (18)
iy (k +2) = ig (k) + Ai’;’e t Azf”e e

Similar to (10), the cost function of the TVV-MFPCC
is defined for the current error between the #(k + 2)
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FIGURE 7. A control block diagram of the TVV-MFPCC.

e
{ Encoder )—

FIGURE 8. Components of the experimental test bench.

TABLE 3. SPMSM specifications.

Parameter Unit Value
Rated Power w 1000
Rated Speed rpm 2000
Rated Torque Nm 4.8
Number of Poles pair 4
Stator Resistance Q 1.57
d-axis inductance mH 5.1
g-axis inductance mH 5.1

TABLE 4. Controllers calculation requirement.

Method Calculation Time  Sampling Time ( 7} )
C-MFPCC 324 us 100 us
TVV-MFPCC 56.8 us 100 us

and the ¥ as

G= i —p (k+2)‘2
o o

i -tw+ a9

A block diagram of the TVV-MFPCC is given in Fig. 7.
The proposed method is started with a current reference
command i, ref via the P.I. controller. A current sensor is used
to measure the actual stator current in the a and b terminals
of the SPMSM. The three current differences are fed to the
predictive module to generate the current predictions for the
(k 4 2)th period. Meanwhile, the initial current difference in
the (k)th period is calculated from the previous period.
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FIGURE 9. Current response under 400 rpm and 3 Nm load-torque, (a) of
the C-MFPCC and (b) of the proposed TVV-MFPCC. On the lower left of
each part is the o8 current errors, and on the lower right of each part is
the enlarged a-phase current response. Time is in seconds.

VI. EXPERIMENTAL VALIDATION

Experiments are conducted to assess the performance of the
proposed TVV-MFPCC, and a comparative analysis against
the C-MFPCC is carried out under steady-state and dynamic
settings. To highlight the capability of the proposed con-
troller, only current response is studied in the experiments.
Three performance measures are defined for that purpose,
including average current ripple (ACR), average current error
(ACE), and total harmonic distortion (THD):

N
ACR = zlvz (i;ef(k) - ix(k))z, x € {a, B} (20)

k=1

1N
ACE:}VZ

k=1

50 )
> i
n=2

iU — i), xelap) @D

THD = (22)

U, a,rms

where N represents the number of samples and n stands for
the nth harmonic component.
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FIGURE 10. Current response under 1500 rpm and 3 Nm load-torque,

(a) of the C-MFPCC and (b) of the proposed TVV-MFPCC. On the lower left
of each part is the o current errors and on the lower right of each part is
the harmonic spectrum of «-phase current. Time is in seconds.

Frequency[Hz]

A. EXPERIMENTAL SETUP

The experimental test bench is shown in Fig. 8, consisting
of a three-phase SPMSM drive system and an inverter mod-
ule. The system contains a power meter and a control unit,
with specifications listed in Table 3. The inverter module
circuit is made of various parts as indicated in the enlarged
section: (A) A 32-bit floating TMS320F28379D dual-core
microcontroller of Texas Instruments. (B) An overcurrent
protection board and encoder circuit, (C) A power module
inverter SCM1246MF with 6 low switching dissipation insu-
lated gate bipolar transistors (IGBT), (D) LEM LA25-NP
current sensors; (E) An A/D converter AD4001; (F) A cur-
rent/voltage conversion circuit ADA4940; and (G) Capacitors
rated 400V/10000uF.

The two controllers are evaluated experimentally using
the same controller parameters, procedures, and operation
conditions to yield fair and reasonable comparisons. There
are two control loops in the experiment — current control
and speed control. For the current control, no parameters are
involved as the predictive controllers employed are model-
free, but for the speed control, both the TVV-MFPCC and
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FIGURE 11. Current response under 1 A and 10 Hz, (a) of the C-MFPCC
and (b) of the proposed TVV-MFPCC. On the lower left of each part is the
«f current errors and on the lower right of each part is the harmonic
spectrum of «-phase current. Time is in seconds.

the C-MFPCC use the same control gains k, and k; of a PI
controller.

The sampling period is set as 100 ps. As shown in Table 4,
the average calculation time of the proposed TVV-MFPCC
and the conventional MFPCC are 56.8 us and 32.4 us,
respectively. The increase is expected as the proposed con-
troller applies three voltage vectors in a sampling period.
Besides, rolling optimization of 16 candidate hybrid switch-
ing modes requires more computation as opposed to the
C-MFPCC that only has 4 candidate switching states.
However, the increase is still considered reasonable and
viable under the sampling frequency.

B. STEADY-STATE PERFORMANCE

The steady-state performance is investigated. For speed
control, the motor operates under the speed commands
of 400 rpm (low speed) and 1500 rpm (high speed) with
the same load torque of 3 Nm. The results are illustrated
in Fig. 9-10. In addition to that, Fig. 11 shows the current
response of 1 A at frequency 10 Hz, and Fig. 12 contains the
current response of 6 A at frequency 30 Hz. The harmonic
spectrum of a-phase is presented in each figure.
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FIGURE 12. Current response under 6 A and 30 Hz, (a) of the C-MFPCC
and (b) of the proposed TVV-MFPCC. On the lower left of each part is the
of current errors and on the lower right of each part is the harmonic
spectrum of «-phase current. Time is in seconds.

TABLE 5. Quantitative comparison of steady-state response.

C-MFPCC TVV-MFPCC

Figore = ACR  ACE THD ACR ACE THD
(GYN (2N S 1) N 0: S VS S /)

9 0.62 0.51 11.37 0.33 0.27 6.86
10 1.27 1.01 8.68 0.42 0.35 2.03
11 0.31 0.26 9.49 0.13 0.10 4.22
12 0.48 0.39 2.53 0.14 0.11 0.68

*Average measured value of af.

®Measured value of a-phase only.

Compared to the C-MFPCC, the proposed TVV-MFPCC is
observed to significantly reduce the average current ripples
(ACR), average current errors (ACE), and total harmonic
distortions (THD), as revealed from their waveform charac-
teristics. Specifically, it can be observed from the enlarged
section of Fig. 9 that the current waveforms of the proposed
TVV-MFPCC are closer to the reference command than the
C-MFPCC. The ACE is dropped from 0.51 A to 0.27 A, indi-
cating that the prediction accuracy is improved by 47.06%.
As depicted by Fig. 10, the measured ACR and ACE in
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FIGURE 13. Dynamic current response under current jump from 1 A to
6 A at 10 Hz and load-torque of 2 Nm, (a) of the C-MFPCC and (b) of the
proposed TVV-MFPCC. On the lower left of each part is the «8 current
errors and on the lower right of each part is the harmonic spectrum of
«-phase current. Time is in seconds.

C-MFPCC is 0.62 A and 0.51 A, respectively, which are
considerably higher than 0.33 A and 0.27 A, respectively,
as of the proposed TVV-MFPCC. Similarly, in the harmonic
spectrum, the THD of the proposed scheme is noticeably
reduced by 39.67%. At a higher speed of 1500 rpm, the
presented controller has shown a substantial improvement
in its current ripples, as illustrated in Fig. 11. Compared
to C-MFPCC, the proposed TVV-MFPCC has performed
better with a significant decrease of the ACR, ACE, and
THD by 66.93%, 65.35%, and 76.61%, respectively. Com-
parable results can be viewed in Fig. 12. Table 5 depicts the
steady-state performance in terms of ACR, ACE, and THD.
In general, the proposed TVV-MFPCC offers at least 50%
improvement to errors and ripples. The THD, in particular,
has been significantly reduced as high as 70%. The current
tracking performance is experimentally evident.

C. DYNAMIC PERFORMANCE

In this experiment, three setups are considered: 1) current
jump from 1 A to 6 A operating at frequency 10 Hz, 2) speed
step from standstill to a rated speed of 2000 rpm, and 3) speed
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FIGURE 14. Dynamic current response from zero rpm to a 2000 rpm,

(a) of C-MFPCC and (b) of the proposed TVV-MFPCC. On the lower left of
each part is the enlarged o current response, and on the lower right of
each part is the speed response. Time is in seconds.

step from standstill to a low-speed command of 300 rpm. The
test is aimed to assess the capability of the two controllers
under dynamic conditions.

Fig. 13 shows the current response under current jump of 1
A to 6 A with an external load disturbance of 2 Nm. With the
sudden change of stator current command at 50ms, the stator
current jump to 6 A, causing the S-phase to drop quickly to
6 A. The proposed TVV-MFPCC is observed to yield smaller
current ripples and current errors than does the C-MFPCC.
To be more specific, a significant reduction in ACR and ACE
by 32.50% and 45.16%, respectively, whereas the THD is
dropped by 15.97% compared to the C-MFPCC.

The starting response from standstill to a speed command
is illustrated in Fig. 14-15. This allows the machine to run
from a full stop to a rated speed command of 2000 rpm and
a lower speed command of 300 rpm. The machine is loaded
with 2 Nm in both tests.

The starting response at a rated speed command is pre-
sented in Fig. 14. It is seen that both controllers experienced
large current ripples and current errors, as evidently revealed
by their current waveforms. However, current spikes are more
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FIGURE 15. Dynamic current response under the condition from zero rpm
to 300 rpm, (a) of the C-MFPCC and (b) of the proposed TVV-MFPCC.

On the lower left of each part is the enlarged o current response and on
the lower right of each part is the speed response. Time is in seconds.

TABLE 6. Quantitative comparison of dynamic response.

C-MFPCC TVV-MFPCC

Figure ACR ACE THD ACR ACE THD
Aa)* (NN N A)* ®»?* %

13 0.40 0.31 10.08 0.27 0.17 8.47
14 0.88 0.71 14.09 0.56 0.45 6.68
15 0.39 0.21 4.55 0.16 0.13 1.32

*Average measured value of af .
"Measured value of a- phase only.

visible in the C-MFPCC, where current ripples obviously
exceed 4 A. In contrast to that, the proposed TVV-MFPCC
exhibits a more stable and smooth response. The ACR, ACE,
and THD are improved by 36.36%, 36.62%, and 52.59%,
respectively, compared to C-MFPCC in this test. The speed
tracking of both controllers performs almost the same.

The dynamic response at lower speed command of 300 rpm
is shown in Fig. 15. It is seen that the response at a sampling
frequency of 10kHz is almost the same. However, the current
ripples are distinguishably different — the TVV-MFPCC per-
forms better against the C-MFPCC. The quantitative results
under three dynamic conditions are summarized in Table 6.
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VIi. CONCLUSION

A triple-voltage-vector MFPCC is proposed to improve
the performance of the four-switch three-phase (FSTP)
inverter-fed SPMSM in this paper. Using the principle
of discrete-space-vector modulation (DSVM), the proposed
TVV-MFPCC has successfully mitigated voltage vector lim-
itations. Three primary voltage vectors are linearly combined
to generate sixteen candidate switching modes using four
primary voltage vectors and twelve virtual voltage vectors.
To effectively reduce current error, three switching modes are
applied at equal application intervals in each sampling period,
followed by three current readings and calculations of current
differences. The average current differences are then used to
generate current predictions. Experiments are conducted to
assess the performance of the proposed TVV-MFPCC, and
a comparison is made against C-MFPCC. The results show
that the proposed method effectively improves current predic-
tion accuracy under steady-state and dynamic test conditions,
as evidently verified by a much smaller average current rip-
ple (ACR), average current error (ACE), and total harmonic
distortion (THD). Further study on the torque response is
considered as our future work.
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